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Amorphous powders of Al2O3—37.5 mol% Y2O3 (yttrium alu-
minum garnet (YAG)) were prepared by coprecipitation, decom-
posed at 8001C, and hot-pressed uniaxally at low temperature
(6001C) and a moderate pressure (750 MPa). Optimum condi-
tions yielded microstructures with only 2% porosity and partial
crystallization of YAG. Further processing using high quasi-
hydrostatic pressure (1 GPa) at 10001C enabled the production
of fully crystallized YAG with 496% relative density and a
nanocrystalline grain size ofB70 nm.
I. Introduction
YTTRIUM aluminum garnet (YAG) is one of the most creep-resistant single-crystal oxides known at temperatures over
16001C.1,2 Being a refractory oxide with low intrinsic diffusivi-
ties, the sintering of YAG through conventional routes generally
requires temperatures in excess of 16001C, leading to grain sizes
of several micrometers. Solution routes for making amorphous
powders offer the possibility of producing ultra-fine nanostruc-
tured materials by an extension of the classical method of devit-
rifying a glass. Chemical homogeneity is ensured by a molecular
level mixing of precursors of aluminum and yttrium at room
temperature,3–6 while the amorphous phase that follows precur-
sor decomposition has been shown to be capable of being densi-
fied in this system7,8 as well as, earlier, in the ZrO2–Al2O3
system.9,10 Densification in ZrO2–Al2O3
9,10 and in Al2O3—
15% Y2O3
8 allows the amorphous phase to be retained and
subsequently crystallized in a controlled manner. The unusual
densification and deformation behavior of the amorphous phase
was attributed partially to the low density of the amorphous
phase (B2/3 of the assemblage of crystalline equilibrium phas-
es), while the ability to retain the amorphous phase during high-
pressure densification was attributed to the kinetic hindrance to
crystallization owing to the need for phase separation7,8 and the
relatively high associated crystallization temperatures of 7001–
10001C, which provide a large window between the hot pressing
and devitrification temperatures.4–8,11 This large difference in
molar volume is also a potential source of porosity during crys-
tallization. Earlier studies of densification of the amorphous
stoichiometric composition, Y3Al5O12, reported simultaneous
crystallization to form nanometric grains of YAG, presumably
due to the absence of any need for phase separation and long-
range diffusion.7 However, it was also discovered that the mea-
sured absolute densities (3.32 g/cm3) of the hot-pressed pellets
were substantially lower than that of the crystalline YAG (4.55
g/cm3), despite the presence of only B2% porosity determined
by metallography. These results indicated that crystallization
was not complete. Consequently, the present study followed
from attempts to produce fully crystalline YAG by a modifica-
tion of the above route.
It is already reported that the sintering of YAG powders re-
quires several hours in the temperature range of 16501–17501C,
which led to final grain sizes ofB3–7.5 mm.12 The present study
was undertaken to establish an optimum route to obtain dense,
fully crystallized YAG with fine grains at lower temperatures,
without additives.
II. Experimental Procedure
(1) Preparation of Amorphous Powders
Amorphous Al2O3—37.5 mol% Y2O3 (YAG) powders were co-
precipitated from aqueous nitrate precursor solutions, using
ammonia solution as reported earlier.4,8 As-dried precipitates
were decomposed at 8001C for 5 min at a heating rate of 101C/
min to remove volatile matter. Large agglomerates were
classified to r10 mm to avoid local densification, as confirmed
by laser scattering (Malvern Instruments Ltd. and Micro-
trac UPA150, Montgomery Ville, PA) before uniaxial hot
pressing.
(2) Uniaxial Hot Pressing and Crystallization
The decomposed, classified, X-ray amorphous powders were
uniaxially pressed under 50 MPa pressure for 5 min at room
temperature in a 5-mm-diameter cylindrical nickel-based super-
alloy die-punch assembly with graphite lubricant and spacers
between the powder compact and the punches. The pressure
inside the die assembly was increased to 750 MPa and the
assembly was heated at a maximum pressure to 6001C at
101C/min and held for 10 min; as noted earlier, this led to par-
tial crystallization.
The above partially crystallized pellets were re-pressed above
the crystallization temperature (10001–12001C) at a quasi-
hydrostatic pressure of 500–1000 MPa with the objective of
retaining the fine microstructure with high density. A high-pres-
sure–high temperature apparatus with tungsten carbide anvils
having a semi-spherical cavity with a pyrophyllite gasket was
used.13 The semi-spherical cavity apparatus with the 600 ton
press used in the present experiments is capable of generating 6
GPa and 20001C with a working volume of B0.5 cm3. The
sample was contained in a graphite tube, which also serves as a
heater. Typically, the cell was loaded toB200 MPa to create a
gasket pressure around the pyrophyllite cell, and then heated to
10001C at 351C/min. For all the experiments, load was applied
from B7001C and it reached a maximum at B1 GPa before
B9001C. The pressure and temperature conditions were
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maintained for 10 min, and after the experiments, the temper-
ature and load were reduced simultaneously.
(3) Characterization
Thermogravimetric (TG) and differential thermal analysis
(DTA) were performed on as-dried powder as well as on pel-
lets pressed uniaxially and quasi-hydrostatically at a heating rate
of 101C/min in air (SDT Q600-TA Instruments, New Castle,
DE) to determine the temperatures of decomposition and crys-
tallization. X-ray diffraction (XRD, CuKa, JEOL JDX-8030,
Tokyo, Japan) was used to examine phase evolution. The true
density of the powder was measured by pycnometry with specific
gravity bottles of 10 mL volume and deionized water as the fluid
medium, after removing hard agglomerates and allowing 20–25
days to achieve full infiltration of the finest interparticle voids.
The densities of the hot-pressed samples were measured by the
Archimedes method using boiling water (ASTM C373), and
sample porosity was calculated by image analysis of the polished
surface using scanning electron microscopy (Sirion, FEI,
Hillsboro, OR). Transmission electron microscopy (TEM,
Tecnai, G-F30, Hillsboro, OR) was performed after ion milling
(PIPS, Gatan, 691, Pleasanton, CA). Nanoindentation studies
(minimum 10 indentations per load) were carried out taking care
to avoid any residual pores using a Berkovich diamond
indenter (Triboindenter, Hysitron Inc., Minneapolis, MN)
with a nominal tip radius of 100 nm and maximum loads of
0.3–50 mN. The maximum load was held for 10 s to allow for
thermal drift corrections.
III. Results and Discussion
(1) Powder Characteristics
In the DTA curves of the powder, shown in Fig. 1, the exo-
thermic peak at 9301C comes from the crystallization of YAG.
The as-dried coprecipitated powder was X-ray amorphous up to
8001C (Fig. 2). The true densities of the decomposed powder
were found to be 3.08 g/cm3, which is similar to that of the
spray-pyrolyzed powder reported earlier7 and is about 2/3 of the
value of 4.55 g/cm3 for the equilibrium YAG.
(2) Hot Pressing of the Amorphous Powders
The coprecipitated amorphous powder was hot pressed at 6001C
and 750MPa. As in the case of the spray pyrolyzed powder,7 the
present powder could also be consolidated to relatively high
densities with a porosity of B2% from image analysis of the
polished surface. XRD pattern of the as-hot-pressed pellet
(Fig. 2) indicates the crystallization of pure YAG during con-
solidation. However, the absolute density of the bulk material
was measured to be 3.32 g/cm3, indicating that a substantial
fraction of the pellet was still amorphous. The retention of an
amorphous phase in the as-hot-pressed pellet is confirmed by the
persistence of the exotherm in DTA at 8901C (Fig. 1). Knowing
the densities of the amorphous phase and of YAG, one can es-
timate that B17% of the material has crystallized during hot
pressing, which is not inconsistent with the ratio of the areas
under the DTA exotherms in the two samples. The crystallite
size from XRD using Scherer’s formula was B16 nm, which is
confirmed from TEM bright-field images shown in Fig. 3. Nano
YAG crystals appear, when at the diffracting condition, as dark
regions in the amorphous matrix. The latter may be identified by
the relative absence of contrast change upon tilting, as illustrat-
ed by region A, while the crystallites appear and disappear
(region G).
Fig. 1. Differential thermal analysis curves of the as-dried powder and
as-hot-pressed pellet at 6001C under 750 MPa for 10 min. Note that the
exothermic peak for crystallization of yttrium aluminum garnet at 8901–
9301C is also seen from the hot-pressed pellet.
Fig. 2. X-ray diffraction patterns of the decomposed coprecipitated
powder, the as-hot-pressed pellet and the standard for yttrium alumi-
num garnet (YAG) (JCPDS 33-0040). Partial crystallization to YAG is
seen, at least 2001C below the onset seen by differential thermal analysis,
presumably due to the high pressures involved.
Fig. 3. Bright-field transmission electron microscopic image of the par-
tially crystallized as-hot-pressed pellet (6001C, 750 MPa for 10 min)
shows yttrium aluminum garnet (YAG) nano crystals (G) randomly
distributed in an amorphous matrix (A). The diffraction rings in the inset
may be indexed to YAG. Note: the crystallites (G) change contrast with
tilt, the amorphous matrix (A) and pores (P) do not.
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(3) Crystallization Under High Pressure–High Temperature
Before the high-quasi-hydrostatic pressure experiment, the as-
hot-pressed pellet was heat treated well above the crystallization
temperature between 11001 and 14001C. However, crystalliza-
tion resulted in densities of only up toB4.02 g/cm3 (88% of the
YAG theoretical density), as measured by the Archimedes prin-
ciple, as a result of the large molar volume shrinkage associated
with the transformation. The pores caused during crystallization
could not be eliminated by sinter forging, vacuum hot pressing,
or even by spark plasma sintering at temperatures up to 14001C
with pressures B100 MPa.
After consolidation under high-quasi-hydrostatic pressure, a
relative density of 95%–96% of YAGwas obtained either at 590
MPa and 12001C or at 1 GPa and 10001C. The structure at
10001C may be seen in Figs. 4 and 5 with fine, evenly distributed
porosity and mean grain sizesB70 nm (Fig. 4). High-resolution
lattice images (Fig. 5) show grain boundaries that are free of
amorphous phase to within B0.5 nm resolution. The DTA
curve of the crystallized pellet confirms the absence of amor-
phous phase (not shown here).
Nano-indentation studies (Table I) reveal that the hardness
and elastic modulus rise, respectively, fromB11.5 and 160 GPa
in the partially crystallized (uniaxially pressed) material to
nearly 20 and 300 GPa in the fully crystallized (quasi-hydro-
statically re-pressed) pellet. While the latter values are consistent
with the lower hardness (B15 GPa) and similar modulus (284–
308 GPa) reported for microcrystalline Nd:YAG,12,14 the pro-
nounced decrease in the hardness and modulus of the partially
amorphous sample is consistent with the lower ionic packing
density displayed by the amorphous phase.
Thus, a combination of moderately high pressures and low
temperatures can achieve near-theoretical density in YAG with
high hardness and grain sizes less than 100 nm, without sintering
aids or nanocrystalline YAG particles. The enhanced densifica-
tion of the amorphous precursor to YAG appears to be respon-
sible for accelerated sintering; however, high pressures are needed
to permit the use of low temperatures, which inhibit grain growth
and, possibly, increase the nucleation rate of the crystalline phase.
IV. Conclusions
A solution precursor route has been used to prepare YAG with
B96% relative density and a mean grain size of B75 nm. Den-
sification is initially assisted by plasticity in the amorphous oxide
powder. While a partially crystalline material can be made at
6001C and at uniaxial pressures of 750 MPa, as reported earlier, a
fully crystalline dense microstructure was obtained at a quasi-
hydrostatic pressure of B1 GPa at 10001C or B500 MPa at
12001C.
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